Variability
in the functional topography of area 4 was examined in adult squirrel monkeys. Conventional intracortical microstimulation techniques were used to derive detailed maps (250 pm interpenetration distances) of distal forelimb movement representations in both hemispheres of six monkeys. Spatial features of these representational maps were then compared to the hand preferred by the individual animals during a motor task requiring skilled digit use. Beyond a few broad generalizations common to all area 4 motor maps, the local mosaic-like topography of individual distal forelimb representations was highly idiosyncratic. Using statistical procedures to determine the independent contributions of individual, side, and movement category to the total variation in motor maps, the results demonstrate statistically significant variation in representational topography among individuals as well as between hemispheres of the same individuals.
In the dominant hemisphere (i.e., the hemisphere opposite the preferred hand), the distal forelimb representations generally were greater in number and larger in total area, and displayed a longer total boundary length and a greater index of spatial complexity.
Because of the direct relationship between interhemispheric asymmetry and behavioral asymmetry, these studies suggest that a large source of variability found in the topography of motor maps in this and other studies derives from differences in the way particular movements and/or movement combinations are performed by individual animals.
Asymmetries in hand preference are well documented in humans. About 90% ofhumans are right-handed; right handedness is associated with a left hemisphere specialization for manual function (Broca, 1865; Oldfield, 197 1; Kimura, 1977; Springer and Deutsch, 1989) .
Evidence for comparable asymmetries in nonhuman primates is mixed, and conclusions are still controversial (e.g., Beck and Barton, 1972; Warren, 1977; MacNeilage et al., 1987; Fagot and Vauclair, 1991) . Given the significant role of manual skill in theories of human evolution (e.g., Corballis, 1989) it is important to understand whether manual laterality is prevalent among nonhuman primates, and, if so, whether neurophysiological correlates of these behavioral specializations can be found. Such studies should provide new insights into the ontogenetic as well as the phylogenetic origins of hand "dominance" in humans.
It is generally assumed that some relationship must exist between functional and structural asymmetries in the two hemispheres (e.g., Semmes, 1968; Webster and Webster, 1975; Diamond et al., 198 1; Kolb et al., 1982; Sherman and Galaburda 1984; Denenberg and Yutzey, 1985; Galaburda, 1985, 1987; Greenough et al., 1985; Galaburda et al., 1986) . Still, only a few studies have attempted to find a relationship between functional hemispheric asymmetry and hand preference in individual animals. Many studies that have been reported employed ablation-behavior techniques to examine asymmetries in behavioral deficits following unilateral lesions. For example, in a series of experiments by Ettlinger and colleagues, unilateral removal of the second somatosensory area (SII) contralateral to a monkey's preferred hand resulted in bilateral deficits on a tactile discrimination task, while removal of SII ipsilateral to the preferred hand resulted in little or no impairment (Garcha et al., 1982; Horster and Ettlinger, 1985 ; see also Robinson, 1979) . These studies suggest that hemispheric differences may exist in somatic sensorimotor cortex in several mammalian species, and that such differences may be related to lateralization of certain sensorimotor skills.
In the present study, we used intracortical microstimulation techniques to derive detailed maps of distal forelimb movement representations in both hemispheres of adult squirrel monkeys. Spatial features of these representational maps were then compared to the hand preference of individual animals as defined by a motor task requiring skilled digit use. The results show that in the dominant hemisphere (i.e., the hemisphere opposite the preferred hand), distal forelimb representations are larger, contain a larger number of discrete regions, and are more spatially complex. Figure 1 . Schematic drawing of squirrel monkey during retrieval of a food pellet from the apparatus used to determine hand preference. A Plexiglas board (Kltlver board) containing four small food wells was mounted on the front of the animal's cage. The wells ranged in size from 9.5 mm to 25 mm. A single, small, banana-flavored pellet (45 mg) was placed in one well until successfully retrieved. Videotape recordings of these sessions were later reviewed, and several measures of hand preference were quantified. See Materials and Methods for further details.
The halothane and nitrous oxide were then withdrawn, and the animal administered ketamine hydrochloride (diluted to 10 ms/cc with saline) intravenously at the rate of 15 mg/kg/hr. In addition, acepromazine (diluted to 0.1 mg/cc with saline) was administered at the rate of 0.0 1 mg/kg/hr. The rate of ketamine infusion was occasionally adjusted to maintain a relatively stable anesthetic state. Intracortical microstimulation (ICMS) mapping was conducted only during periods of stable anesthesia; it was halted during occasional periods of shallow anesthesia marked by excessive muscle tone in forelimb muscles combined with rapid heart rate, or during occasional periods of deeper anesthesia marked by unusually high thresholds.
A magnified photograph of the cortical surface vasculature was obtained using a video frame grabber. Stimulating microelectrodes consisted of glass micropipettes, 15-20 pm in diameter at the tip, less than 100 Frn at 2 mm from the tip, and beveled to a sharp point. Micropipettes were filled with 3.5 M NaCI. Impedances varied from 750 k0 to 1 MQ. Microelectrodes were introduced on a fine grid pattern (250 pm interpenetration distances) sited with reference to the surface vasculature ( Fig. 2) . At each electrode penetration site, conventional intracortical microstimulation techniques were used to define evokable movements. Briefly, the micropipette was advanced perpendicular to the cortical surface to a depth of 1700-1800 pm using a hydraulic microdrive. Our preliminary data, as well as previously published data by others (e.g., Strick and Preston, 1982a; Gould et al., 1986) , suggested that thresholds for evoking movements are lowest at these depths. The stimulusconsisted of40 msec current trains of200-psec-duration monophasic cathodal pulses delivered at 350 pulses/set from an electrically isolated, charge-balanced (capacitively coupled) stimulation circuit. Trains were delivered at the rate of l/set. Current was monitored by observing the voltage drop across a 10 kB resistor in series with the stimulation circuit.
In the derivation of all maps, monkeys were maintained in a standard prone position. The contralateral forelimb was supported below the elbow in the same slightly flexed position throughout each experiment. The forelimb was manipulated only when it was necessary to stabilize the wrist in order to distinguish between wrist extension and digit extension.
At each site, the movement evoked by stimulation at near-threshold Figure 2 . ICMS techniques used to derive representation of distal forelimb movements in pnmary motor cortex of squirrel monkey. L& Dorsolateral view of squirrel monkey neocortex (left hemisphere), outlining the cortical territory explored in a typical motor mapping procedure. Right, Enlarged video image of cortical surface in monkey 89 11 showing blood vessels used as landmarks for microelectrode insertion. Microelectrode penetration sites are indicated by dots. At each site, the microelectrode was advanced perpendicular to the surface vasculature to a depth of 1700-1800 pm. Using standard ICMS stimulation parameters, the movement evoked by stimulation at near-threshold and at suprathreshold current levels was determined at each penetration site. See Materials and Methods for further details.
current levels was determined by the following procedure. Current was gradually increased from zero until a response was just visible. When the evoked movement was defined, the current was decreased until the movement disappeared, and then gradually increased again to determine the current level required for evoking the movement by at least 50% of the train bursts. This current was defined as the threshold current. The response evoked at threshold current level was called the threshold or primary response. In each experiment, in a sample of approximately 10% of electrode penetration sites, a second observer independently determined the primary response and threshold current. If a response was not evoked at 30 PA, stimulation was halted and the site was designated as nonresponsive. Sites at which the threshold current level was 5 18 HA were called low-threshold sites. In a limited number of sites, the response evoked by stimulation at various depths from 1500-2000 gm was determined using identical procedures. At low-threshold sites in four animals, the response evoked at a fixed suprathreshold current level of 20 hA was also recorded. When an additional response (or responses) was evoked at this suprathreshold current level, it was called the suprathreshold or secondary response.
The territorial extent of the area 4 distal forelimb representation was explored as completely as possible using the following criteria. Penetrations were made at each coordinate of a 250 pm grid pattern until the distal forelimb area was circumscribed by sites evoking either proximal movements or no visible response. When nonresponsive sites were encountered, their response to stimulation was verified later in the same mapping procedure.
Movements were described using conventional terminology identical to that used by Gould et al. (1986) in the owl monkey. For clarity, common terminology was used where appropriate. For example, movements of digit 1 are called "thumb" movements, and movements of digits 2-5 are called "finger" movements. A more complete description movement categories is provided in Results.
Description of spatial characteristics of distalforelimb representations. In order to define unambiguous boundaries between various movement regions and thus derive reliable perimetry information, we used the following procedure. First, x-y-coordinates ofeach penetration site were determined from their locations as indicated on the enlarged digital photograph of the surface vasculature. Next, a computer program delineated discrete regions encompassing sites whose stimulation evoked identical movements. Briefly, this algorithm gradually increased the size of designated (e.g., colored) circles whose origins were at each penetration site. A different color was used for each movement category. When a circle encountered another color, these two circles no longer increased in size along their common border, but continued to grow in other directions until the entire distal forelimb area was filled. The result was a two-dimensional map comprising colored regions whose borders were located halfway between sites representing different movement categories. In this way, we were able to assign movement categories objectively for a variety of classification schemes, and quickly redefine unambiguous borders.
Finally, these colored representational maps were analyzed using an image analysis program (IMAGE, version 1.35) that measured spatial parameters ofregions representing different movement categories, coded by different colors. Using this program, we derived the following spatial parameters for each movement category: total area, total perimeter, total number of discrete regions, size of the largest region, and percentage of total distal forelimb area. In addition, a complexity index was derived for each movement category. The complexity index was a relative measure of total perimeter independent of area, and was defined as follows:
where p is the total perimeter and a is the total area. Therefore, a circle, a spatially simple region, has a complexity index of 1. For more spatially complex regions, the perimeter per unit area, and thus the complexity index, is > 1.
Finally, thresholds for evoking each movement were analyzed. HistoIogiicaI analysis. Following completion of these experiments, each animal was anesthetized, the primary motor cortex exposed, and boundaries of the distal forelimb representations marked either by small, electrolytic lesions or by injection of fluorescent latex microspheres. The Figure 3 . Photomicrograph of cresyl violet-stained parasagittal section through the left hemisphere of monkey 8734. Inset at tog shows histological section in dorsal view of brain. Larger lesion on left was made at 800 pm while the smaller lesion on right was made at 1500 pm. ICMS at these sites evoked no visible movement at 5 30 FA at depths from 1500 pm to 2000 pm. ICMS at sites rostra1 to lesions evoked distal forelimb movements at low current levels. Cytoarchitectonically defined boundaries are indicated by arrowheads. R, Rostral. Magnification, 37 x .
animal was then injected with a lethal dose of pentobarbital(lO0 mg/ ke) and oerfused. first with 0.9% saline. 0.2% lidocaine hvdrochloride, 1% hepa&, and then with 1.25% glutaraldehye, 1% paraformaldehyde or with 10% formalin. The brain was subsequently removed and immersed in 30% sucrose for l-2 d. It was cut in 50 pm frontal sections. Every other section was mounted and stained with cresyl violet for cytoarchitectonic analysis. This sampling frequency was sufficient to locate each penetration site indicating the boundaries of distal forelimb representation (electrolytic lesions or fluorescent microspheres). Electrode tracks produced by the glass micropipettes used for recording stimulus-evoked movements were not detectable using these techniques.
Results
Hand preference As described in Materials and Methods, hand preference was estimated for each animal using a modified Kltiver board in a task requiring retrieval of small food pellets from a set of four wells graded in diameter. For each of 100 trials, (1) the hand used on the initial attempt on each trial, (2) the hand used on subsequent attempts on each trial, and (3) the hand used to retrieve food pellets successfully on each trial were recorded and analyzed.
During a typical trial, the animal grasped the cage bars with one hand while reaching through the plane of the bars with the other hand (Fig. 1) . Once the well was reached, the pellet was retrieved by making successive flexions and extensions of digits l-5 or digits 2-5, often with the palm on the surface of the board and the wrist dorsiflexed until the pellet was dislodged. Upon withdrawal from the well, the pellet was typically held between the flexed fingers and the palm in a power grip (Napier and Napier, 1985; Costello and Fragaszy, 1988) . Successful retrieval usually required a single reach and a single flexion on the larger wells, but required multiple flexions and often multiple reaches on the smallest well. When multiple reaches were made, the animal occasionally varied the hand used on subsequent attempts.
While a clear preference was not always apparent on the first 20-30 trials, most animals consistently used the same hand after approximately 40-50 trials. Since hand preference scores for initial attempts and subsequent attempts were nearly identical, only initial attempts and retrievals are reported here. Once established, hand preference scores were stable over a studied Figure 4 . Left, Movements evoked at near-threshold current levels from each site shown in Figure 2 (monkey 8911, left hemisphere). Right, Movements evoked at near-threshold current levels from sites in the right hemisphere of monkey 89 11. The distal forelimb is outlined to illustrate its total area1 extent within primary motor cortex. Note that individual movements were represented at multiple locations within the primary motor distal forelimb representation. Abbreviations: D, digit; W, wrist; F, forearm; S, shoulder; E, elbow; P, pinna; J, jaw; NR, no response;f; flexion; ex, extension; ad, adduction; ab, abduction; mr, medial rotation; su, supination; pro, pronation; el, elevation; re, retraction; u, ulnar; M, medial; R, rostral. Numbers indicate specific digits involved in movement.
period of several months. In four of the animals in this series, hand preference was again obtained 4 months after recovery from the final mapping session. The results of each animal were nearly identical to those obtained prior to mapping studies. Hand preference scores and handedness indices derived from 100 trials for each of the six monkeys are recorded in Table 1 . Five of the six monkeys preferred the left hand on more than 50% of trials on both initial attempts and retrievals, and were considered left-handed. The sixth monkey (subject 8727) preferred the right hand on more than 50% of trials, and was considered right-handed. Four ofthe five left-handed monkeys were strongly left-handed, with preference scores of 78% left or higher, and handedness indices of 56 or higher. The fifth monkey was weakly left-handed, with a preference score of 55.3% left and a handedness index of 10.6. Finally, the single right-handed monkey was strongly right-handed, with a preference score of 86% right and a handedness index of 72.
General organization of distal forelimb representation in primary motor cortex
The caudal boundary ofthe area 4 distal forelimb representation was located approximately l-2 mm rostra1 to the central sulcus, usually near its lateral edge (Figs. 2, 3) . The distal forelimb representation was bounded medially, rostrally, and laterally by more proximal movement representations, primarily those of the elbow and shoulder (Figs. 4, 5) and caudally by a nonresponsive zone (5 30 PA).
Examination of lesions and fluorescent markers revealed that the entire distal forelimb representation, as defined by ICMSevoked movements at current levels 530 PA, was contained within cytoarchitectonic area 4. Figure 3 depicts an example of the material upon which this conclusion was based. This parasagittal section through the right hemisphere of monkey 8734 shows two lesions placed immediately caudal to the caudalmost responsive site in this experiment. The lesion on the left was placed at 800 Frn while the lesion on the right was placed at 1500 pm. At both of these sites, ICMS evoked no visible movement at any depth from 1500 to 2000 Frn. At a site 250 pm rostra1 to the site marked by the left lesion, ICMS at 1800 pm evoked thumb extension at 18 PA. The physiologically defined border between responsive and nonresponsive cortex approximately coincided with an attenuation of the internal granular layer (layer IV) and a decrease in the number of large layer V pyramidal cells, indicative ofthe area 4-area 3a border (Sanides, 1968; Jones, 1975; Jones and Porter, 1980; Strick and Preston, 1982a) .
The distal forelimb representation was explored in detail in each animal. Although the exact placement of microelectrodes was sometimes locally constrained by the location of surface blood vessels, the interelectrode penetration distance was as 8910 right Figure 5 . Movements evoked at near-threshold current levels from stimulation of sites in monkey 8910. The distal forelimb field is outlined to illustrate its total areal extent within primary motor cortex. Abbreviations are as in Figure 3. close as possible to 250 pm, in all maps. We attempted to explore the entire territorial extent of the area 4 distal forelimb representation. Because of limitations imposed by the size of the craniotomy, sectors of the distal forelimb boundary were occasionally not mapped completely, leaving some boundaries undefined. Since the distal forelimb representation was well circumscribed on three sides by more proximal movement representations and on the remaining side by an unresponsive region, we estimate that for the six animals included in the present analysis, the undefined boundary averaged less than 6% of the total distal forelimb boundary (maximum, 16%). Primary responses independently defined by two experimenters were identical on >90% of the sites that were compared. Differences were typically limited to definition of the exact digits whose movement was evoked by stimulation, such as digits 2-4 flexion versus digits 2-5 flexion. Differences in movement category were rare. Representation of movements in two representative cases are shown in Figures 4 and 5.
The total distal forelimb area was highly varible in extent, both among individuals and between hemispheres within individuals. The mean area1 extent for the 12 maps in six individuals was 9.69 mm2, and ranged from 5.86 to 14.26 mm2 in animals with approximately equal body weights. No significant correlation was found between distal forelimb representational area and body weight. Interhemispheric disparities in total area ranged from 0.070 to 3.64 mm2, or 0.7% to 37.6% of the mean area, for all 12 maps. Since the total area was so variable, the total number ofpenetrations required to explore the entire distal forelimb representation also varied. The mean number of penetrations per hemisphere was 295.25 (range, 214-450) . Histological analysis in each animal verified that the entire distal forelimb representation was contained within cytoarchitectonic area 4.
Observed distal forelimb movements evoked by ICMS may be described at different levels of specificity. For example, with respect to the specific body part(s) involved in the movement, flexion of the thumb may be described as "thumb flexion," or the more generic "thumb" or the even more generic "digit." Because the division of distal forelimb movements into digit and wrist/forearm categories forms a second level of a movement hierarchy, we refer to movements in this classification scheme as "digit-wrist/forearm categories." Similarly, with respect to agonist movement groups, the same movement may be described as belonging to the "thumb flexion group" (i.e., thumb lIexion and/or thumb adduction), "digit flexion group" (i.e., thumb flexion group and/or finger flexion group), or simply "flexion group" (i.e., digit flexion group and/or wrist/forearm flexion group). Because the division of distal forelimb move- ments into flexion and extension categories forms a second level of a second movement hierarchy, we refer to movements in this classification scheme as "flexion+xtension categories." The spatial characteristics of motor maps were examined at each of four hierarchical levels of both classification schemes, for two reasons: (1) It was not clear a priori which description would be most appropriate for drawing relationships to behavioral asymmetries. (2) We wanted to determine the robustness of the results in the face of different, somewhat arbitrary movement classifications. Hierarchical classification of the 2 1 digitwrist/forearm categories and the 15 flexion+xtension categories is shown in Figure 6 .
For each movement category, the following statistics were calculated: total representational area, total boundary length or perimeter, size of the largest discrete representational region, total number ofdiscrete regions, complexity index (see Materials and Methods), percentage of total distal forelimb area, and mean threshold current.
In the descriptions of results that follow, the hemisphere contralateral to the preferred hand will be referred to as the dominant hemisphere, and the hemisphere ipsilateral to the preferred hand as the nondominant hemisphere. These terms are used here only for heuristic purposes, and are not intended to generalize to dominance related to other motor tasks.
A summary ofthe distal forelimb representation in both hemispheres of each of the six animals is illustrated in Figure 7 .,:
8911 (Right Hemisphere Dominant) Figure 7 . Representation of the distal forelimb in cortical area 4 in left and right hemispheres of all six squirrel monkeys used in this study. In this illustration, distal forelimb movements have been broadly categorized as digit (black) or wrist/forearm (shaded) movements (hierarchical level 2 of Fig. 6 ). Magnification in this and Figures 8-10 is the same for all 12 maps. Note that a larger cortical territory, stimulation of the remainder of which did not evoke digit or wrist/forearm movements, was actually explored in every case. Sites evoking proximal movements (pox.) were usually located rostral, medial, and lateral to the distal forelimb area. Nonresponsive sites (nr) were usually located caudal to distal forelimb area.
Selected statistical results are shown in insets. d-ml, dominant minus nondominant.
clarity, movements are grouped into two broad classes forming level 2 of the digit-wrist/forearm hierarchy. It can be seen that the arrangement ofthese broad movement classes was extremely variable. Digit representation areas were interdigitated with wrist/ forearm representation areas in mosaic-like patterns. Using unambiguous criteria to subdivide regions (i.e., the computer algorithm; see Materials and Methods), a mean of 10.92 discrete digit regions ranging from a minimum of 5 to a maximum of 20 could be observed in any one map. Likewise, wrist/forearm regions were also highly variable. An average of 10.58 discrete wrist/forearm regions, ranging from a minimum of 5 to a maximum of 13, could be observed in a single map.
Representations of other movement classes (finger flexion, wrist extension, and thumb extension) at level 4 of the digitwrist/forearm heirarchy are shown for each of the six animals in Figures 8-10 .
Statistical analyses were performed in order to examine quantitative differences in each of the spatial characteristics of movement categories. Three-way ANOVAs were performed to determine the independent effects of (1) individual, (2) side (hemisphere), and (3) movement category, on each of seven dependent variables: area, perimeter, number of regions, largest region, complexity index, percentage of total distal forelimb area, and threshold. A separate ANOVA was performed at each level of each of the two movement hierarchies. Interaction effects were determined only for side and movement category (fixed effects), but not for individual (random effect). An a-level of0.05 was used throughout as the criterion level for statistically significant effects.
These analyses resulted in several statistically significant main effects of individual, side, and movement category. Descriptive statistics and specific results of individual analyses are listed in Tables 2 and 3. Interindividual comparisons of motor map topography When representations of movement categories were examined, large differences among animals were observed. These differences were reflected in the shape of the distal forelimb representational zone within area 4, the topographic location of a particular movement relative to the remainder of the distal forelimb representation, as well as total area, perimeter, number of regions, and measures of complexity (Figs. 7-l 0). Topological neighborhood relationships of different movements were also highly variable among individuals, but will not be described further in the present report. Few generalizations could be made regarding the specific locations ofany movement representation, though there was some tendency for thumb movements to be represented more in the lateral half of the distal forelimb area (Fig. 10) . A clear distinction between rostra1 and caudal digit and wrist/forearm representations was not observed. ANOVAs revealed several statistically significant differences among individuals at hierarchical levels 2, 3, and 4. These included differences in area, perimeter, number of regions, largest region, complexity index, and threshold, but not percentage of total distal forelimb area (Table 3) . For example, averaging across the two hemispheres of each individual, the mean area1 extent of the wrist abduction representation ranged from 0.09 mm2 in monkey 8910 to 0.62 mm* in monkey 8909, nearly a sevenfold difference; the mean perimeter of the thumb flexion representation ranged from 0.5 15 mm in monkey 89 11 to 7.125 mm in monkey 8727, nearly a 14-fold difference; the mean number of thumb extension regions ranged from 2.5 in monkey 8905 to 10 in monkey 8734, a fourfold difference.
Interhemispheric comparisons of motor map topography
The topography of specific movement representations was more similar between hemispheres ofthe same individual than among individuals. For example, the locations of finger flexion regions in the left hemisphere of monkey 8910 very roughly mirrored those in the right hemisphere (Fig. 8) . Likewise, the locations of finger flexion regions in the left hemisphere of monkey 89 11 roughly paralleled those in the right hemisphere. On the other hand, finger flexion locations were quite different between the two cases. While rough mirror images of certain movement representations were observed in some monkeys, striking exceptions were also noted, such as the finger flexion locations of monkey 8905 (Fig. 8) or the wrist extension locations ofmonkey 89 10 (Fig. 9 ).
Despite the large variation in motor map topography contributed by the individual monkeys, several statistically significant interhemispheric differences were found at each of the hierarchical levels and for each of the seven spatial parameters. 'Figures 11 and 12 summarize independent main effects of side and side-by-movement interactions for each of the seven dependent variables.
Effects of side on spatial characteristics of digit-wrist/forearm categories. When digit-wrist/forearm categories were examined, each of the seven variables displayed either a significant effect of side, a significant side-by-movement interaction, or both ( Table 3 ). There was a significant effect of side for at least one hierarchical level for five of the seven variables. The differences in perimeter and complexity index were due to significant effects of side at each of levels 2, 3, and 4 of the hierarchy. The differences in number of regions were due to effects of side at hierarchical levels 3 and 4, the differences in area were due to effects of side only at hierarchical level 3, and the differences in threshold were due to effects of side only at level 4.
Effects of side on spatial characteristics of flexionlextension categories. When flexion/extension categories were examined, five of the seven variables displayed either a significant effect of side, a significant side-by-movement interaction, or both ( Fig.  12 ). There was a significant effect of side for at least one hierarchical level for three of the seven variables. The differences in perimeter and complexity index were due to significant effects of side at each of levels 2, 3, and 4 of the hierarchy, identical to the analyses for digit/wrist-forearm categories; the differences in number of regions were due to effects of side at hierarchical levels 3 and 4. The differences in the size of the largest region and threshold were not due to either side or side-by-movement interactions at any hierarchical level.
Dlflerences in spatial characteristics for individual movement categories. Since ANOVA demonstrated significant differences between the dominant and nondominant hemispheres using several of the dependent variables at various hierarchical levels, we next determined whether effects of side were due to interhemispheric differences in the representations of specific movement categories using post hoc analyses. Paired t tests were performed only within hierarchical levels in which the main effect of side or side-by-movement interactions was significant. These analyses resulted in 22 significant t tests for digit-wrist/ forearm categories, and 19 significant t tests for flexioniextension categories (Figs. 11, 12; Table 2 ). Significant differences were most numerous for complexity index and perimeter. For n/a n/a n/a n/a n/a 5.22
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Individual (I) 5 0.00 0.12 0.986 inant hemispheres (t = 11.6 19; p = 0.000 1). In all cases, a larger number of proximal movement regions was found within the distal forelimb region of the dominant hemisphere (Figs. 4, 5) .
Comparison of distal forelimb regions embedded within proximal regions did not result in statistically significant differences between dominant and nondominant hemispheres (t = 0.725; p = 0.5007), but it should be noted that the total representational extent of proximal movements was not completely mapped.
Examination qf movements evoked at suprathreshold current levels. At each of the low-threshold sites (threshold current I 18 WA) in four of the six animals, secondary responses were defined at a fixed suprathreshold current of 20 PA. In each hemisphere of each animal, we calculated the percentage of lowthreshold sites at which this modest suprathreshold stimulation evoked a secondary response in addition to the primary response. While the results that follow were not statistically reliable due to a relatively large variance for such a small number of subjects, pooled results across the four animals are presented.
Using a fixed suprathreshold current of 20 PA, the proportions of sites whose stimulation evoked secondary responses were similar in the two hemispheres. Secondary responses were evoked at 47.5% of low-threshold sites in the dominant hemisphere, compared to 40.8% in the nondominant hemisphere. However, when specific secondary responses associated with specific primary responses were examined, very large differences were found. For example, in the dominant hemisphere, 67.6% of low-threshold sites whose primary response was finger flexion resulted in a secondary wrist extension response. That is, at these sites, suprathreshold stimulation produced digit flexion and wrist extension in combination. By contrast, suprathreshold stimulation of only 26.1% of low-threshold finger flexion sites in the nondominant hemisphere resulted in finger flexion in combination with wrist extension (Fig. 14) . These results suggest a difference in the degree and specificity of overlap in motor representations between the hemispheres, and will be addressed in the Discussion.
Correlation of spatial parameters with degree of hand preference In order to determine if any of the spatial characteristics were correlated with the hand preference index, a correlation coefficient was determined within each hemisphere for each spatial parameter at each hierarchical level. A number of these relationships were statistically significant (p I 0.05), as shown in Table 4 . Most (34 of 37) of these significant relationships between dominance scores and spatial representational features were found in the dominant hemisphere.
Discussion
Using conventional ICMS motor mapping techniques, we have found large interhemispheric differences in the representations of distal forelimb movements in primary motor cortex of the squirrel monkey. These differences appear to be related to the hand preferences of the individual animals in a task requiring skilled use of the digits. Before discussing the implications of these findings for the organization of motor cortex and their functional significance, we address other possible sources of variability that may have contributed to the individual and interhemispheric differences observed here.
Reliability of ICMS-dejined motor maps Large sources of variability in the movements evoked by ICMS (e.g., variability among individuals, with different levels of anesthesia, with different anesthetic agents, with different pulse train durations, as a function of previous stimulation, etc.) are not uncommon, as previous investigators have discussed (e.g., see Graham Brown and Sherrington, 19 12; Lashley, 1923; Penfield and Boldrey, 1937; Stoney et al., 1968; Hall and Lindholm, 1974; Neafsey et al., 1986; Nudo et al., 1990) . In the present experiment, we have attempted to control, as closely as possible, several sources of variation contributed by the ICMS technique. First, we used an animal with a relatively flat, unfissured motor cortex. Since microelectrode penetrations were made perpendicular to the cortical surface, reliable two-dimensional maps of the distal forelimb representation were obtained with no error introduced by reconstructions from tangential penetrations. Further, highly detailed representations of movement topography were obtained from stimulation at closely spaced penetration sites, enabling strict quantitative comparisons. The large number of penetration sites provided a built-in reliability estimate of local topography.
Second, in a sample of 10% of the microelectrode penetration sites, a second experimenter independently determined the evoked movement and threshold current. The movement categories defined by the two experimenters rarely differed. Third, in order to isolate variations in motor maps contributed by differences between individual monkeys, we derived detailed motor maps in both hemispheres of each animal in the study. This allowed us to use a three-way ANOVA to assess statistically the relative contributions of individual, side (hemisphere), movement category, and side-by-movement interactions to the total variability in motor maps. Fourth, although it is somewhat difficult to maintain a completely stable anesthetic state using ketamine/acepromazine, we were able to lessen the magnitude of anesthetic peaks and troughs by continuous infusion of a diluted solution of these drugs. ICMS mapping was conducted only during stable periods of anesthesia and was temporarily halted during occasional periods of excessive muscle tone in forelimb muscles, or during occasional periods of deep narcosis marked by movement threshold elevation. Fifth, mapping was conducted in separate, limited sessions in each hemisphere, so that effects of extremely long-term anesthesia were minimized. Sixth, mapping was conducted in each hemisphere in random order. Seventh, we minimized the possibility of trauma to the cortex by using very fine, beveled glass micropipettes as stimulating microelectrodes. Mapping was conducted with the dura THUMB EXTENSION 8727 (Left Hemisphere Dominant) 8734 ( removed, and penetrations specifically avoided the surface vasculature, minimizing local ischemia caused by ruptured or temporarily occluded blood vessels. Despite efforts to control each of these identifiable factors, some uncontrolled variability probably occurred. At a few sites, on a few occasions we observed changes in the response during the determination of the stimulus-evoked movement (Graham Brown and Sherrington, 19 12; Nudo et al., 1990) . These changes usually occurred at or near representational borders. When a site located well within representational boundaries was stimulated at different times during the same mapping session, the movement evoked at near-threshold current levels rarely varied. Based upon the observation that the variability between hemispheres within individuals was consistently smaller than the variability among individuals, the results suggest that the representational maps obtained in the present study are reliable for quantitative assessment. This result is evident both in the topography of individual movement representations (see and in the quantitative results using ANOVA. Also, in the course of motor mapping experiments on squirrel monkeys in this and other studies, we have derived detailed maps on two different occasions by stimulation of virtually the same sites in the same hemisphere of the same individuals. While some differences were found in local topography, the general topography as well as several quantitative measurements of spatial characteristics (e.g., total area, percentage of total area occupied by particular movement representations, etc.) were constant (R. J. Nudo and M. M. Merzenich, unpublished observations; also see Craggs and Rushton, 1976) . Therefore, for the purposes of the present study, using a statistical approach to describe interhemispheric differences quantitatively, the degree of variability was within an acceptable range.
It is important to note that ICMS-evoked movements may result from both direct excitation of local neurons and polysynaptic activation of more distant neurons. Since thresholds for evoking movements were low (as low as 1 PA, but more typically IO-15 PA), the direct spread of current was limited to the immediate vicinity of the stimulating electrode (i.e., a diameter less than the interpenetration distance of 250 pm). However, more widespread polysynaptic effects cannot be ruled out. It is Figure II . Statistical summary illustrating interhemispheric differences for digit-wrist/forearm categories. ANOVA was performed for each spatial characteristic, at each hierarchical level, examining main effects of individual, side (hemisphere), and movement, as well as interactions between side and movement. Large boxes encompassing all movements within a given level denote significant main effects of side. For example, area was significantly different between the two hemispheres only at hierarchical level 3 (finger, thumb, wrist, forearm). SxMdenotes a significant interaction effect between side and movement at a given hierarchical level. For example, a significant side-by-movement interaction was found for area at hierarchical level 4. Small boxes surrounding individual movements denote significant interhemispheric differences using paired t tests. For example, t tests demonstrated a significant difference between the two hemispheres in wrist extension area. possible that the mosaic representations ofmovement as defined by the ICMS technique are at least partially a result of complex excitatory and inhibitory effects on spinal motoneurons arising from a relatively wide area of cortex. Nevertheless, the relative stability of the response at a given site, the striking differences in response between adjacent sites, and the correlation of ICMSdefined boundaries with cytoarchitectonic boundaries suggest that ICMS is a reliable technique for defining functional boundaries in motor cortex (see review by Huang et al., 1988; Nudo et al., 1990) .
Comparison of present results to previous investigations of primary motor cortex The location ofthe primary motor distal forelimb representation a few millimeters rostra1 to the lateral edge of the central sulcus in the squirrel monkey confirms the findings of Strick and Preston (1982a) using similar techniques. In addition, the total area occupied by distal forelimb movements is similar (5.5-9 mm*, Strick and Preston, 1982a; 5.86-14.26 mm2, present results) . However, details of the representation of distal forelimb movements presented here differ substantially from previously published motor maps in squirrel monkey with respect to the total number of discrete digit and wrist/forearm regions. In an earlier study by Welker et al. (1957) using surface stimulation techniques, a single, continuous forelimb area was described in primary motor cortex. Later, using ICMS mapping techniques, Strick and Preston (1982a) described two spatially segregated representations of digit and wrist. In the present study, using unambiguous criteria to define boundaries between spatially segregated movement representations, we found an average of approximately 10 digit and 10 wrist/forearm representations. The principal reason for this discrepancy is likely due to substantial differences in the spatial resolution of the maps. The average number of sites explored with electrical stimulation in the distal forelimb area in the present study was at least 3.5 times that of previous investigations (Welker et al., 1957; Strick and Preston, 1982a) . Even if locally segregated representations in the present study are grouped into larger clusters, the total number of digit or wrist/forearm clusters in an individual map is typically greater than two (Fig. 7) . When individual movements are examined, occasionally two clusters, one located in the rostra1 portion of the distal forelimb representation, and one located in the caudal portion can be roughly delineated (e.g., finger flexion in monkey 8911 in Fig. 8 ) but this distinction was the exception rather than the rule. Even in these individuals, digit and wrist/forearm representations were interdigitated in complex ways.
The complex interdigitation of movement representations in primary motor cortex found in the present study is more similar to the results obtained by Gould et al. (1986) in owl monkeys using comparable techniques with a comparable density of electrode penetrations. Taken together with the present results, these studies suggest that when examined in detail, the two-dimensional topography of distal forelimb representations in primary motor cortex is organized into spatially complex, fractionated mosaical patterns containing multiple digit and wrist/forearm regions. Further, these fractionated mosaical patterns are highly variable in local topography among individuals and between the hemispheres of the same individual. The complex overlapping representations of movements (and presumably, muscles) underlying evoked-movement maps have been appreciated by Leyton and Sherrington, 1917; Murphy and Gellhom, 1945; Penfield and Rasmussen, 1950; Woolsey, 1952; Welker et al., 1957; Hem et al., 1962; Asanuma and Rosen, 1972; Andersen et al., 1975; Jankowska et al., 1975; Phillips and Porter, 1977; Kwan et al., 1978; Fetz and Cheney, 1980; McGuinness et al., 1980; Tanji and Wise, 198 1; Strick and Preston, 1982a; Gould et al., 1986; Humphrey, 1986; Lemon et al., 1987; Donoghue and Sanes, 1988; Huang et al., 1988; Rapisarda et al., 1990; Schmidt and McIntosh, 1990; Waters et al., 1990; Huntley and Jones, 1991) . The present study extends these earlier findings by allowing a quantitative assessment of the degree of spatial complexity in motor maps.
It should be noted that in the present study, only area 4 motor outputs were examined. Primary motor cortex of both macaque monkey and squirrel monkey has also been divided into two zones, one caudal and one rostral, based on the distribution of cutaneous versus deep inputs (Tanji and Wise, 198 1; Strick and Preston, 1982b) . It is unclear how the multiple mosaical output representations of area 4 observed in the present study coincide with the cutaneous versus deep gradient described for inputs to area 4 (see also Asanuma et al., 1968; Doetsch and Gardner, 1972; Rosen and Asanuma, 1972; Lemon and Porter, 1976; Murphy et al., 1978; Armstrong and Drew, 1984; Wiesendanger et al., 1985; Huang et al., 1988 Huang et al., , 1989 .
In addition, the present data are based entirely upon evoked movements in area 4. EMG data were not obtained. Examination of EMG data at each site would add significant power to the results, by further elucidating differences in the overlap of individual muscle representations, and the total numbers of their separated representations. Future investigations should address this issue in more detail.
Individual variability in motor maps
The present results demonstrate statistically significant variation in motor topography across individuals. Only a few basic map features were relatively constant across animals. First, the distal forelimb representation was relatively discrete, forming a well-circumscribed zone a few millimeters rostra1 to the lateral edge of the central sulcus. Second, the distal forelimb representation was bounded rostrally, medially, and laterally by representations of more proximal body parts, typically elbow and shoulder. Third, the distal forelimb representation was bounded caudally by a nonresponsive zone, in which stimulation failed to evoke observable movements at the highest current levels used (30 PA). Fourth, suprathreshold stimulation of low-threshold sites often evoked other movements. Beyond these broad generalizations, the local mosaic-like topography of individual distal forelimb representations was highly idiosyncratic. In terms of the location of individual movement representations within the distal forelimb zone, no two maps were similar between individuals.
These qualitative differences among individuals were confirmed and elaborated when each spatial parameter of distal forelimb movement maps was examined quantitatively. Using statistical procedures to determine the independent contributions of individual, side, and movement category to the total variation in motor maps, it was found that maps differed significantly across individuals along several spatial dimensions, such as area1 extent, perimeter, number of discrete regions, size of the largest region, complexity index, and threshold. Only the each successive generation of motor cortex physiologists (e.g., percentage of the total distal forelimb area failed to display 
Hand preferences in nonhuman primates
While asymmetries in hand preference are evident in humans, evidence for comparable population level asymmetries in nonhuman primates is mixed and conclusions are controversial (e.g., see Warren, 1977; MacNeilage et al., 1987; Lehman, 1989) . MacNeilage has suggested that cerebral dominance for hand preference in nonhuman primates exists, but is task specific (MacNeilage et al., 1987) . They have proposed that nonhuman primates might possess specialization for visually guided reaching in one hand, and a specialization for manipulative tasks in the other. In fact, some evidence for task-specific lateralization of manual function has been found. King has reported that squirrel monkeys display a strict left-hand preference when reaching for moving targets, but a strict right-hand preference when reaching for a food reward while clinging to their cage bars (King et al., 1987; J. E. King, personal communication) . A left-hand preference for reaching for food has also been demonstrated in lemurs and in bushbaby (Forsythe and Ward, 1988; Forsythe et al., 1988; Larson et al., 1989; Milliken et al., 1989; Ward et al., 1990) . Capuchins picking up food show right-hand preferences (Masataka, 1990) , and most (66%) are right-handed for acts of prehensive grip (Costello and Fragaszy, 1988) . The relevant tasks underlying this dichotomy are not yet clear, but these recent studies suggest that hand preferences in nonhuman primates may have been dismissed in the past because investigators expected or required uniform hand preferences across all manual tasks (MacNeilage et al., 1987) .
The use of a single task to assess hand preference in the present study was a compromise between two conflicting goals. On the one hand, we wanted to provide a reliable estimate of hand preference on a task requiring skilled use of digits (see below). On the other hand, we wanted to avoid possible effects of training on electrophysiologically defined maps. Ideally, estimates of hand preference should be conducted using a battery of motor tasks, requiring various degrees of axial and distal muscle control, eye-hand coordination, and bimanual coordination. However, because of the possibility that motor experience may affect both the anatomical and physiological organization of cerebral cortex, including motor cortex (e.g., Diamond et al., 1972 Diamond et al., , 1985 Woody and Engel, 1972; Greenough et al., 1973 Greenough et al., , 1985 Stamm et al., 1975 ; G. W. Milliken, R. J. Nudo, R. Grenda, W. M. Jenkins, and M. M. Merzenich, unpublished observations), we chose to limit our assessment to a single task that was readily executed without extensive training. In any event, the fact that more elaborate or complex representations were found for the preferred hand for retrieving food pellets in this experimental series should be interpreted with the provision that the definition of "hand preference" in individuals may be task specific (e.g., see MacNeilage et al., 1987) .
We chose for our assessment of hand preference a task using a modified form of a device commonly known as a Kliiver board (Glees, 196 1; Lawrence and Kuypers, 1968 ). Since we were interested in interhemispheric comparisons of distal forelimb representations, this device possessed two specific advantages.
(1) Bilateral asymmetries in motor abilities of primates are demonstrated quickly, with minimal training. (2) Using a similar device, it has been argued that primates suffer a permanent loss of independent digit control following pyramidal tract section (Lawrence and Kuypers, 1968) . Such a lesion approximates isolated destruction of the corticospinal tract, the most direct pathway from cerebral cortex to spinal cord motoneurons. While we cannot assume that results from this single task generalize to other tasks, it seemed a reasonable compromise for achieving the goal of comparing behavioral asymmetries without introducing significant training effects. In our design, we first assessed hand preference using the Kliiver board, and then several days later derived representational maps of the distal forelimb. It is entirely possible that the behavioral testing procedure, while brief, directly caused changes in the organization of motor maps. However, these effects were probably minimal due to the brief exposure to the task and the relatively long interval between behavioral testing and physiological mapping. An alternative approach would be to derive electrophysiological maps first, and then test animals on a battery of motor tasks. While results from four animals who were tested on the Kliiver board both before and well after the mapping procedure suggest that hand preference were not significantly affected by intracortical microstimulation mapping techniques and associated surgical intervention, we cannot rule out possible traumatic effects of the ICMS mapping procedure on both physiological and behavioral measures. Therefore, the procedure adopted for this study seemed a reasonable compromise. Hand preferences, as defined here, appear to be remarkably stable. Though not reported here in detail, results from the present study as well as results from over 20 other squirrel monkeys tested in our laboratory (R. J. Nudo, W. M. Jenkins, M. M. Merzenich, T. Prejean, and R. Grenda, unpublished observations) suggest that hand preference on the Kliiver board is stable throughout at least much of an individual's adult life. We have tracked hand preference in individual monkeys for up to 2 years and found little if any variability in the hand used for initial reach or for retrieval of pellets from the Kliiver board. In addition hand preference was unaffected by changing the position of the Kliiver board on the animal's cage, such as reversing the board, so that the smallest well was on the animal's left instead of the right, or shifting the vertical or horizontal position of the board relative to the cage bars.
It should be noted that five of the six squirrel monkeys in this study were predominantly left-handed on the Kltiver board task. Only one was predominantly right-handed. Still, generalizations of handedness to squirrel monkey populations at large should be made with great caution for several reasons. First, assessment of handedness using tasks requiring skilled digit use should be performed on much larger sample sizes before broader generalizations can safely be made. Second, all monkeys in this study were caught wild, and information about their relatedness and rearing conditions is unavailable. Third, it is not yet clear how other studies of hand preference in squirrel monkey, using tasks possibly requiring different sets of motor skills, can be integrated with the present results (King et al., 1987; Costello and Fragaszy, 1988) . Therefore, at this point the present results are useful for describing relationships between interhemispheric differences and hand preference on a single task requiring skilled digit use. Implications for hand preference and cerebral dominance in the population at large are left for future studies.
Interhemispheric d&erences in motor cortex
Comparable electrophysiological studies of neurophysiological correlates of handedness have not been previously reported. Most human studies of cerebral asymmetry have been concerned with lateralization of language and are beyond the scope of the present discussion (e.g., see review by Geschwind and Galaburda, 1985) . However, cortical asymmetry in forelimb motor cortex has been inferred indirectly from several lines of evidence. In 1915, Shepherd Ivory Franz, using surface stimulation techniques, found interhemispheric variability in the size of the hand representation in macaque motor cortex (Franz, 1915) . Considering the techniques available at the time, the results and conclusions are remarkably similar to those found here. However, interpretation of Franz's early work is complicated (1) because of the use of surface stimulation techniques requiring high current levels for evoking movement; (2) by the difficulty in reconstructing accurate detailed maps of distal forelimb topography in the macaque, whose primary motor cortex is largely buried in the central sulcus; and (3) because hand preferences of the individual animals were not reported.
Electrophysiological demonstrations of hemispheric asymmetries in somatic sensorimotor cortex have been few and somewhat indirect. For example, differential training of the two forelimbs in monkeys results in differential changes in evoked potential activity in the prefrontal and precentral cortex (Stamm et al., 1975) . Other studies employing evoked-potential techniques have reported hemispheric asymmetries in human somatosensory cortex in either normal or brain-damaged subjects (e.g., Goff et al., 1962; Semmes, 1968) . Physiological asymmetries related to hand preference have also been demonstrated in subcortical motor structures. For example, Caliskan and Tan (1990) have reported that the excitability of motoneurons innervating foreleg flexors in cat is related to paw preference (see also Tan, 1984 Tan, , 1985 .
Measurements of cerebral blood flow in humans also suggest functional interhemispheric asymmetry in primary motor cortex. These studies reveal in right-handed subjects a greater blood flow increase in the right hemisphere duringleft-hand use than in the left hemisphere during right-hand use (Halsey et al., 1979) . Along these same lines, magnetic resonance imaging studies in humans have demonstrated a larger left frontal lobe in lefthanders, and a larger right frontal lobe in right-handers (Kertesz et al., 1990) . In the present studies, movements of the dominant hand are consistently represented in more separated islands in a relatively diffused, complex pattern. Perhaps that explains the paradoxical findings of apparently greater cerebral blood flow with hand use in the nondominant hemisphere.
Indirect evidence for neurophysiological differences between the two hemispheres in sensorimotor cortex can also be gleaned from ablation-behavior studies. While it is clear that unilateral ablation of motor cortex induces preferential use of the limb ipsilateral to the lesion (e.g., Passingham et al., 1983 , in macaque monkey; Burgess and Villablanca, 1986, in cat; Castro, 1977, and Kolb, 1988, in rat) , few studies have examined differential effects of lesions in the two hemispheres. However, unilateral removal of SII contralateral to a monkey's preferred hand resulted in bilateral deficits on a tactile discrimination task, while removal of SII ipsilateral to the preferred hand resulted in little or no impairment (Garcha et al., 1982; Horster and Ettlinger, 1985) .
Anatomical asymmetries related to hand dominance have also been reported in nonhuman mammals. For example, in the rat, the sensorimotor cortex may be larger in the right hemisphere, especially in males (Diamond et al., 198 1; Sherman and Galaburda, 1984) . In addition, it has been demonstrated that after differential experience of the two forelimbs in rat, anatomical differences (larger dendritic fields) are evident in motor cortex opposite the highly trained limb (Greenough et al., 1985) .
In summary, the present results provide evidence for neurophysiological correlates of hand preference in motor cortex of squirrel monkey. We found significant quantitative differences in the detailed spatial topography of distal forelimb representations, and these quantitative differences were related to the hand preferred by the animal on a task requiring skilled use of the digits. In the dominant hemisphere, that is, the hemisphere contralateral to the preferred hand, digit and wrist representations were generally greater in number and larger in total area and displayed a longer total boundary length and a greater index of spatial complexity. These quantitative differences between the dominant and nondominant hemisphere were statistically reliable, and were obtained using different classification schemes for dividing the distal forelimb map into movement categories. It is interesting that many of the largest and most consistent quantitative differences were found for the most predominant movements used in the task, that is, digit flexion, wrist extension, and forearm supination.
Also, differences were found in the movement categories of "secondary," higher-threshold movements evoked in the two hemispheres. While this analysis was performed in only four of the six animals and statistical significance was not achieved, differences were found in the specific secondary responses associated with a given primary movement.
For example, in the dominant hemisphere, sites that displayed finger flexion at threshold usually displayed wrist extension at suprathreshold current levels. By contrast, in the nondominant hemisphere, sites that displayed finger flexion at threshold usually displayed elbow or shoulder movements at suprathreshold current levels.
Implications for the organization of motor cortex These results extend other recent studies of motor cortex topography revealing that primary motor cortex of primates is composed of multiple representations of distal forelimb movements Murphy et al., 1978; Preston, 1978, 1982a; Gould et al., 1986; Humphrey, 1986) . It suggests that at least in terms ofoutput representations, it is difficult to describe the organization of digit and wrist representations as arranged in a single or a double representation.
Instead, a variable number of discrete representations of any given movement class can be delineated in a spatially complex, fractionated mosaical pattern. It should be pointed out that multiple sites that evoke the same movement do not necessarily imply that the same muscles are represented at these sites; the same movement may sometimes be accomplished using different muscle combinations.
However, in several other investigations in which EMG recordings were obtained during ICMS in motor cortex, it has been demonstrated that there are multiple, discrete representations of individual muscles as well as movements (e.g., Kwan et al., 1978; Strick and Preston, 1982a; Humphrey, 1986 ) Furthermore, it is now clear that multiple muscles may be represented at a single site in the primary motor distal forelimb representation.
Using spike-triggered averaging techniques in macaque monkeys, Fetz and Cheney (1980) have demonstrated that the output of a single cortical neuron typically facilitates multiple muscles. Using anatomical techniques in cats, Shinoda et al. (198 1) have identified individual corticospinal neurons that project to multiple spinal cord segments, suggesting that some corticospinal neurons may project to multiple motoneuron pools.
Taken together with the present results, these studies suggest that multiple representations of distal forelimb movements overlap in spatially complex ways. The number of re-representations as well as the types of movements that overlap are highly variable, both between individuals and between hemispheres of the same individuals.
Because of the relationship between interhemispheric asymmetry and behavioral asymmetry, we hypothesize that a large source of variability found in the topography of motor maps in this and other studies derives from differences in the way the use of particular muscles and/or muscle combinations develop ontogenetically in each animal. That suggestion follows the lead of Karl Lashley, who invoked the concepts of cortical "equipotentiality" and experience-induced representational changes to explain the individual variability of movement maps recorded in the studies of Franz (Lashley, 1923 ; see also Stout, 19 17) .
The apparent differences between the dominant and nondominant hemispheres in the complexity of interwoven movements and in the types of movements or muscles that overlap in these representations in motor cortex are consistent with the reasonable conclusion that muscles or movements used in combination or in close temporal contiguity are spatially represented together, either in adjacent cortical tissue and/or overlapping in the same cortical territory. Muscles that are used in close temporal contiguity (e.g., muscles that are coactivated or are used in sequence) may require a high level of intracortical interaction. Greater interaction would most likely be achieved with overlapping or adjacent representations of those muscles. A similar mechanism has been proposed by Semmes (1968) to explain hemispheric specialization in humans. By that interpretation, the greater complexities of movement representations in the dominant hemispheres would manifest a greater repertoire of more refined movement combinations.
